Nuclear etic resoaace (NMR) relaxation times were studied in acclhnated and nonacclmated Kharkov It has been inferred by many investigators that membranes, primarily plasma membranes, are the site of freezing injury. This evidence is based upon loss of semipermeability properties of the membrane following freezing injury (7, 19) .
Rapid freezing of plant tissue results in intracellular ice formation which is invariably lethal to the cell (1, 2) . At slow freezing rates (<10 C/hr), ice forms at extracellular sites which can accommodate the growing ice crystals (15, 18) . Extracellular ice formation during slow freezing causes a dehydration stress on the protoplast and injury may be due to the secondary stress caused by the freeze-induced dehydration (16) .
It has been inferred by many investigators that membranes, primarily plasma membranes, are the site of freezing injury. This evidence is based upon loss of semipermeability properties of the membrane following freezing injury (7, 19) .
Pulse NMR3 measurements of the longitudinal relaxation time (T1) and the transverse relaxation time (T2) have been used to study water and water interactions in biological systems (5, 14, 22) . NMR studies on plant tissue have shown that there are at least two populations of water, each with a different magnetic environment that causes a different relaxation time (5, 21) . Stout (21) concluded that the protons with a short relaxation time were in part associated with the extracellular water time were associated with the intracellular water. Haran and Shporer (13) , working with phospholipid vesicles, also identified a short relaxation time with extracellular water and a long relaxation time with intracellular water. Intracellular and extracellular water exchange with each other across the plasma membrane, the rate of exchange depending upon the plasma membrane permeability. When the extracellular water has a short relaxation time the water exchange out of the cell results in a shortening of the intracellular relaxation time (6, 13, 22) . The greater the water permeability the more the intracellular T2 is shortened. The extracellular T2 can be shortened by adding paramagnetic ions such as Mn2" which cause protons to relax in a short time. Because plant membrane permeability to divalent cations is low (20, 22) , the added Mn2' does not directly decrease the intracellular water T2 for several hr (22) .
The objective of this study was to evaluate the effect of different freezing stresses (fast freezing versus slow freezing) on the plasma membrane of tender and hardy winter wheat (Triticum aestivum L.). Alterations to plasma water membrane permeability as a result of freezing stresses were studied by observing the effects of freezing on NMR relaxation times. Alterations to Mn2+ permeability were studied by observing the loss in the long T2 water signal as Mn2" diffused into the protoplast.
MATERIALS AND METHODS

PLANT MATERIALS
Crown Tissue. Crowns of a hardy winter wheat cultivar, Kharkov MC22, were cold-acclimated under controlled environment conditions for 7 weeks (11). Fully acclimated plants were also collected from the field in late November and stored in a soilsand-peat mixture (1:1:1) at -3 C. The crowns were maintained under a photoperiod of 24 hr with a light intensity of 2,400 lux supplied from "Gw-Lux WS" fluorescent lamps. The cold hardiness level of these plants, as determined by artificial freeze tests, was -23 ± 1 C (12).
Ced Tissue Cultures. Kharkov seeds were sterilized by shaking for 15 min in 10% NaOCl with 0.01% Tween -20. The seeds were washed five times with sterile distilled H20 and germinated in Petri dishes. Following 3 days germination, the mesocotyl of each seedling was dissected and transferred immediately to a flask containing 1-B5 agar medium (9) . After 4 to 6 weeks the callus which formed was transferred to a 1-B5 liquid medium and shaken constantly. Cell suspension cultures were propagated by the subculturing method of Gamborg (9) . The cell suspension cultures aggregated into small cell clumps approximately I mm in diameter. During the cold acclimation period the cell aggregates were transferred to a l-B5 agar medium. Cell aggregates were cold-acclimated in a controlled environment for 4 weeks with a 5 C light period (12 hr) and a I C dark period.
FREEZING AND THAWING TREATMENTS
For the slow freezing and slow thawing studies, crown tissue was frozen in aluminum dishes (6.5 x 4.5 cm) and covered with moist sand. Celi aggregates were transferred from agar and frozen in similar aluminum dishes. The cell aggregates were placed on three layers of moist filter paper in the bottom of each dish. Sterile sand placed next to the cell aggregates served as an ice nucleator. The samples were maintained at -3 C overnight and then frozen at a linear rate of 2 C/hr to a series of five test temperatures (12) . Upon reaching the test temperature the samples were held at either -2 C or -5 C prior to NMR analysis.
For the fast freezing and fast thawing studies, crown tissues or cell aggregates were frozen in liquid N2 for 3 min, thawed at 20 C, and inserted directly into the NMR spectrometer.
NMR Measurements. NMR measurements of T1 and T2 were made at 20 MHz on a Brucker Minispec p20 pulsed NMR spectrometer. T, was measured using a 900, 900 pulse sequence and T2 was measured using the Carr-Purcell-Meiboom-Gill (CP/MG) pulse sequence (8) . For the CP/MG pulse sequence the time between the 900 pulse and the first 1800 pulse of radiofrequency energy (tcp) was set at 6 msec. A graphical method was used to determine the apparent fraction sizes and relaxation times (3, 14 (21) concluded that the long relaxation times (T1 and T2) were associated with the intracellular water and the short relaxation times with the extracellular water. Intracellular and extracellular water do not exchange rapidly with each other is evidenced by the two relaxation times (14) . However, water exchange can occur between the two fractions across the plasma membrane. The mathematics of the effect of water exchange between two fractions of water with different intrinsic relaxation times on the relaxation times and fraction sites that are measured have been given by Hazlewood et al (14) . The equations presented by Hazlewood et
al (14) demonstrate that the values measured for the relaxation times and fraction sizes depend upon the exchange rate between the two fractions (water permeability), the relative fraction sizes, (14) . Water permeability is known to increase in some cases during cold acclimation (17) . Water viscosity would also be expected to increase owing to the known increase in sugars during cold acclimation (16) . Also, a change in the relative sizes of the two fractions could be expected since tender crown tissue contains 5 to 6 g of H20/g dry wt compared to hardy tissue which contains 2 g of H20/g dry wt.
After I week of cold acclimation there was no change in either the T1 or T2 fraction sizes (Table I) . However, after 7 weeks of cold acclimation there was a change in water distribution between the long T1 and short T1 fractions although there was still no change in the T2 fractions. The change in the T1 fractions after 7 weeks of cold acclimation could be due to a change in the actual population sizes, in membrane permeability, or in the intrinsic relaxation times, or a combination of any of these (14) .
Rapid killing of tender or fully acclimated tissue by direct immersion in liquid N2 decreased both the long T1 and T2 (Table  I ). The most likely explanation for this decrease of the long T1 and long T2 is that the membranes are being severely lacerated by ice crystals which causes more rapid intra-extracellular water exchange. Freezing plant tissue in liquid N2 is known to destroy the selective permeability of the plasma membrane to electrolytes (23) .
Slow freezing (2 C/hr) to below the killing temperature of nonacclimated and 1-week acclimated crowns decreased the long T1 and T2 in the same way as fast freezing of crowns in liquid N2 (Table I ). In contrast to the effect of fast freezing decreasing the long T1 and T2 of crowns acclimated for 7 weeks, slow freezing had no significant effect on the long T1 and T2 of crowns acclimated for 7 weeks. These results indicate that slow freezing to a lethal temperature increases plasma membrane permeability of nonacclimated and 1-week acclimated crowns, but has no significant effect on 7-week acclimated crowns.
T2 results for fully hardened Kharkov crowns acclimated under natural conditions (Table II) are in agreement with those obtained Numbers in parentheses refer to percentage of the fraction of water decaying at this relaxation time.
for crowns acclimated under artificial conditions (Table I) in that slow freezing either to a lethal or nonlethal temperature had no effect on the long T2. However, the distribution of water between the long T2 and the short T2 was affected by a slow lethal freeze as was that observed in the previous study. Slow freezing had no effect on the short lived relaxation time.
Visual observations of frozen plants also suggest that the type of injury associated with tender and semihardy crowns is different from that of fully hardened crowns. Tender crowns or crowns partially hardened have a water-soaked appearance following freeze-thaw injury, whereas fully acclimated tissue with a low water content does not. Also, injury to tender or semihardy crowns is readily apparent after 1 week of regrowth. In the case of fully hardened crowns killed by a slow freeze, 3 weeks of regrowth are required before the crowns can be rated for survival.
In all of the above studies it is expected that freezing to either -50 C or -196 C would result in 100%o killing of all cells. The apical meristem is considered to be the hardiest tissue (18) .
Cell Tissue Cultures. The different effect that slow freezing had on tender and fully hardy crowns was hypothesized to be related to different freezing stresses resulting from the different water contents of the tissue (18) . Winter wheat cells grown in culture can be acclimated to -21 C even though the water content of the acclimated cells remains high (11 g of H20/g of dry sample). Thus, it might be predicted that T1 and T2 of cell aggregates would be affected by slow freezing similar to tender crowns. The long T2 for cell aggregates was much longer (261 msec versus 122 msec) than the long T2 obtained for intact crowns. This could be due in part to the high water content of cell aggregates compared to that of crowns (11 g of H20/g of dry sample versus 2 g of H20/g of dry sample, respectively).
Both fast and slow freezing significantly decreased the long T2 of cell aggregates as compared to the control (Table II) (Fig.  1) . The initial decrease in the long T2 during the 1st hr would be due to the diffusion of Mn2t, throughout the extracellular space, to the cell membrane where it would be effective in relaxing protons on water molecules diffusing out of the cells (22 (Fig. 1) A long T2 could not be detected in crown tissue killed in liquid N2 after 2 hr of incubation in Mn2+. This suggests extensive destruction of the plasma membrane probably due to intracellular ice formation. The difference in the relaxation times between slow killed and fast killed tissue exposed to Mn2+ suggests that the type and/or degree of injury to the plasma membranes is different.
The rate of the long T2 decrease owing to diffusion of Mn2" into the cells was greater for fast frozen cell aggregates (Fig. 2) than for fast frozen crowns (Fig. 1) . This would be related to the difference in the extracellular path for Mn2' diffusion to the cell membrane. The initial rate of the long T2 decrease for cell aggregates frozen to -10 C (nonlethal) was greater compared to the control, however, after 5 hr the T2 was similar for both. As noted earlier, this can be explained by decreased aggregate size resulting from freezing. A long T2 could still be detected in viable cells after 24 hr of incubation in Mn2+.
A long T2 could not be detected immediately after vacuum infiltration in Mn2+ for cell aggregates killed by either a slow or fast freeze-thaw treatment (Fig. 2) . Since the water content of cell aggregates is high (I11 g of H20/g of dry sample), the extensive ice crystals formed extracellularly during slow freezing may cause as much mechanical rupture to the plasma membrane as that produced by fast freezing. Following either a lethal slow freeze-thaw or lethal fast freeze-thaw treatment plasma membranes of cell aggregates are more permeable to Mn+ than plasma membranes of nonfrozen cells.
The results from these Mn2+ studies led to the same conclusions about the effect of freezing stress on plasma membrane permeability as did the results from the study of relaxation times. Thus, the Mn2+ study supports the assumption, used in the relaxation time studies, that the relaxation time changes as a result of freezing were due to plasma membrane water permeability changes. Fast freezing destroys permeability of the plasma membrane. Fast freezing is known to cause intracellular ice formation which lacerates membranes (2) . Slow freezing to below the killing temperature of tender crowns and tender or fully acclimated cell aggregates also destroys the permeability ofthe plasma membrane. Since slow freezing results in extracellular ice formation, injury is due to dehydration stresses (16) the extracellular ice formation (18) . Slow freezing of fully acclimated crowns does not completely disrupt the plasma membrane although permeability is increased compared to that of the control (Fig. 1) (Fig. 1) indicates that cell injury is not necessarily a result of complete membrane destruction, but could be a result of certain biophysical alterations in the membrane which prevent the cell from functioning. For example, Garber and Steponkus (10) found that specific membrane sites on chloroplast thylakoids are injured as a result of freezing.
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